During infancy and childhood, spatial contrast sensitivity and alignment sensitivity undergo maturation, and during this period the visual system has considerable plasticity. The purpose of this study was to compare the nature of interocular interactions of these spatial functions in normally sighted children and adults, and to study the extent to which interocular interactions are impaired in anisometropic amblyopia. Spatial functions were measured under three viewing conditions: monocular (fellow eye occluded), dichoptic (uniform stimulus presented to the fellow eye but with a peripheral fusion lock), and binocular. Measurements were made in each eye during monocular and dichoptic viewing. In the contrast sensitivity task, Gabor stimuli were presented in one of two temporal intervals. For the alignment task, a three-element Gabor stimulus was used. The task of the subject was to indicate the direction of displacement of the middle patch with respect to the outer patches. The findings indicate that in children, binocular contrast sensitivity was better than monocular (binocular summation) but so too was dichoptic sensitivity (dichoptic summation). The magnitude of binocular/dichoptic summation was significantly greater in children than in normally sighted adults for contrast sensitivity, but not for alignment sensitivity. In anisometropic amblyopes, however, we find that for the group as a whole the amblyopic eye does not benefit when the fellow eye views a dichoptic stimulus, compared to dark occlusion of that eye. In addition, we found considerable inter-individual variation within the amblyopic group. Implications of these findings for techniques used in vision therapy are discussed.
Introduction
Spatial vision is multifaceted. The most commonly used clinical gauge of spatial vision is visual acuity, which represents maximal spatial resolving ability of the visual system. Contrast threshold represents the minimum amount of contrast required to detect a target in space. The contrast sensitivity (inverse of contrast threshold) function is traditionally measured using grating stimuli at a range of spatial frequencies. This measure serves as an index of visibility of objects of different sizes (Campbell & Robson, 1968) . Positional sensitivity is the ability to identify the position of a target element relative to another. Different terminologies such as Vernier acuity, alignment sensitivity, displacement thresholds and the broader term spatial localization have been used to denote some form of positional judgment (Cline, Hofstetter, & Griffin, 1980) . None of these individual visual functions can describe spatial vision in its entirety (Haegerstrom-Portnoy, Schneck, Lott, & Brabyn, 2000; McKee, Levi, & Movshon, 2003; Simmers, Gray, McGraw, & Winn, 1999) . A study of 900 older subjects (58 years and above) showed that contrast sensitivity could not be predicted accurately from high contrast acuity scores, despite the high correlation between empirically determined values of acuity and contrast sensitivity (Haegerstrom-Portnoy et al., 2000) . This may suggest that these two spatial functions reflect different dimensions of the visual system. Previous studies on adult subjects suggest that spatial resolving ability is limited by retinal factors whereas positional sensitivity is mainly limited by cortical factors (Levi, Klein, & Aitsebaomo, 1985; Westheimer, 1982) . In normally sighted adults, Vernier (relative position judgment) thresholds are at much smaller separations than a single cone diameter, and are ten times better than spatial resolution (Westheimer, 1975) . Differences between visual functions are also highlighted by developmental data. Studies on human and animal models have shown that grating and Vernier acuity develop differentially during infancy (Kiorpes & Movshon, 1989; Skoczenski & Norcia, 1999) , and contrast sensitivity to high spatial frequencies develops more rapidly than to low spatial frequencies (Adams & Courage, 2002) . Some studies have shown that contrast sensitivity is mature by about 7 years of age (Derefeldt, Lennerstrand, & Lundh, 1979; Ellemberg, Lewis, Liu, & Maurer, 1999) , whereas alignment sensitivity continues to develop until around 14 years of age (Carkeet, Levi, & Manny, 1997; Skoczenski & Norcia, 2002 rates of maturation of visual functions have been taken as evidence for the existence of discrete neural mechanisms underpinning these functions (Skoczenski & Norcia, 1999) .
Visual signals from the two eyes interact in the brain and lead to a range of binocular phenomena (Zemon, Pinkhasov, & Gordon, 1993) . Excitatory binocular interactions require signals from the two eyes to be integrated, whereas inhibitory interactions lower the sensitivity in one eye during visual stimulation of the fellow eye (Harwerth & Levi, 1983 ). As outlined above, different visual functions mature at different time points, so it is likely that the maturational time courses for interocular interactions are different across various visual functions. Many studies in the past have shown that visual acuity, contrast sensitivity and Vernier acuity receive binocular inputs (Blake & Fox, 1973; Pott & van Hof-van Duin, 1992) . The characteristics of binocular interactions have been studied in-depth in normally sighted young adults; however, relatively fewer studies exist on binocular interactions in children. This may be because studies of binocular interaction typically require multiple measurements under monocular and binocular conditions, which can be too demanding for children, who normally have short attention spans. Recently, we reported data on interocular interactions during acuity measurement in children and adults (Vedamurthy, Suttle, Alexander, & Asper, 2007) . In the present study, we report data on interocular interactions of contrast sensitivity and positional sensitivity using the same subject pool from our previous study.
Normal binocular visual experience is essential for normal development of visual function in each eye (Wiesel & Hubel, 1965) . When the normal binocular relationship is disrupted during early life due to strabismus (misaligned visual axes) or anisometropia (unequal focus between eyes), vision in the affected eye is often reduced. This developmental disorder is known as amblyopia, and is known to involve impairment in central visual processing (Sharma, Levi, & Klein, 2000; Wong, Levi, & McGraw, 2001 ). Vision of the affected eye may be inhibited by the fellow eye (von Noorden, 2002) . Since the visual system is most susceptible to this type of disruption in early life (Keech & Kutschke, 1995) , it seems likely that the strength and pattern of interocular interactions vary with age. The reduction in visual sensitivity in the amblyopic eye is not limited to acuity. A range of visual functions is adversely affected including contrast and position sensitivity (Simmers et al., 1999) . Interestingly, the magnitude of visual loss in the affected eye is not consistent across various functions. For instance, some amblyopes demonstrate greater loss in position sensitivity when compared to spatial resolution . Given that the same visual insult (for example, strabismus) has differential impact on different visual functions, it is feasible that the strength of interocular interactions across the visual functions may have been different at the time of insult.
In this study, we assessed interocular interactions in contrast sensitivity and alignment sensitivity, using a range of viewing conditions. Conditions included binocular viewing, and monocular viewing with the fellow eye either occluded with a black patch, or viewing an illuminated field (referred to later as a dichoptic condition), in children and adults with normal vision, and in adults with anisometropic amblyopia. Comparisons between the monocular and dichoptic conditions allowed assessment of interocular interactions in the two spatial visual functions tested here. A unique feature of this study is that the interocular interactions of the two functions were tested in the same subject sample. For the youngest subjects, an age range of 6-14 years was chosen so that one of the visual functions (contrast sensitivity) is fairly mature in the age range studied, while the other function may be still immature (alignment sensitivity). Thus, if there were any differences in the maturational windows for interocular interactions, it would be readily apparent in this age range.
The present study focused exclusively on anisometropic amblyopia because it is one of the most common causes of amblyopia, occurring twice as frequently as strabismic amblyopia (Ciuffreda, Levi, & Selenow, 1991; Rutstein & Daum, 1998) .
Anisometropic amblyopes demonstrate contrast sensitivity deficits particularly at high spatial frequencies (Bradley & Freeman, 1981) , however, alignment sensitivity is either normal (Cox, Suh, & Leguire, 1996) or impaired to a lower extent when compared to strabismic amblyopes . Thus, the anisometropic subtype of amblyopia allows testing for the presence of separate deficits in the binocular mechanisms. In other words, the absence of discrete deficits in the binocular integration center would yield normal/near normal binocular interactions for those visual functions that are normal or near normal in the amblyopic eye (e.g., alignment sensitivity).
To summarize, the purpose of this study was two fold: (a) to compare the nature of interocular interactions for contrast and alignment sensitivity in normally sighted adults and children, and in adults with anisometropic amblyopia, and (b) to study the extent to which interocular interactions are affected in subjects with one type of amblyopia. We hypothesized that maturation and interocular interactions would differ across these functions, and across the subject groups. This hypothesis was based on previous findings of different rates of maturation for different visual functions across the age range of children included in our study (e.g., Skoczenski & Norcia, 2002) suggesting different underlying neural mechanisms, and the well known differential impact of anisometropic amblyopia on different visual functions in the amblyopic eye.
Methods
Details of recruitment protocol are described elsewhere (Vedamurthy et al., 2007) . The clinical characteristics of the amblyopic subjects are given in Table 1 .
Subjects
Group I: Children (6-14 years, mean age 10.2 ± 2.3 (SD) years, n = 20). Group II: Adults (18-35 years, mean age 25.7 ± 3.2 (SD) years, n = 20). Group III: Amblyopic adults (18-40 years, mean age 27.8 ± 6.7 (SD) years, n = 12).
In groups I and II, all subjects had corrected letter acuity of 6/6 or better (BaileyLovie chart), each eye, with interocular difference in acuity less than one line, no manifest strabismus, stereopsis at least 40 seconds of arc (measured using a Titmus stereo-test), anisometropia (if any) not exceeding 2.5 D (to avoid diplopia due to image size differences between the eyes), and normal ocular health. Subjects in group III had best corrected acuity 6/9 or poorer in the amblyopic eye, 6/6 or better in the fellow eye, anisometropia P 1 D, no manifest strabismus (measured by cover test), and normal ocular health.
Protocol
Contrast sensitivity (CS) and alignment sensitivity (AS) were measured separately in each subject under the following viewing conditions: DE: Dominant eye monocular viewing (fellow eye covered with dark occluder). DED: Dominant eye dichoptic viewing (fellow eye viewing illuminated field with non-foveal target).
NE: Non-dominant eye monocular viewing (fellow eye covered with dark occluder).
NED: Non-dominant eye dichoptic viewing (fellow eye viewing illuminated field with non-foveal target).
OU: Binocular viewing. Order of testing was randomized to avoid effects of learning and fatigue. For each of the two tasks, dominant eye was defined here as the eye with better CS or AS, respectively. In group III this was the non-amblyopic eye. The difference between monocular and binocular viewing (binocular summation) and difference between monocular and dichoptic viewing was estimated. Difference between monocular (DE or NE) and dichoptic (DED or NED) conditions are referred to here as DII (dichoptic interaction index), and differences between monocular dominant eye (DE) and binocular (OU) conditions are referred to as BII (binocular interaction index). All subjects were given adequate practice and breaks when required. Group I subjects were given practice at the test distance as well as closer viewing distances. AS and CS were tested on separate days in all subjects from group I, and in some of the subjects from groups II and III. Stimuli were generated using a VSG 2/5 graphics card (Cambridge Research Systems, Rochester, UK) in a Dell Pentium host computer, and displayed on a 20-in. Clinton Monoray monitor (Clinton Electronics Corporation, IL, USA). The stimuli were viewed through FE-1 ferro-electric shutter goggles (Cambridge Research Systems) synchronized with the monitor refresh rate. The monitor's fast refresh rate (120 Hz) minimizes cross-talk. The goggles allowed about 25% light transmission in the open shutter condition. Stimuli were presented to either or both eyes by temporally interleaving frames, and the stimulus presented to each eye had a refresh rate of 60 Hz. Due to interleaving, each eye received about 12% of the luminance from the screen in the open shutter condition. Screen background luminance was identical for both eyes, at 170 cd/m 2 , of which 21.25 cd/m 2 reached the eye. The display was gamma corrected. Pilot studies showed that cross-talk that may occur at high contrasts when using a stereo-display of this kind was not apparent at contrasts below 75%. Contrast was calibrated using a Minolta CRT Colour Analyzer CA-100. . All subject groups were tested at 4 cpd. Additionally, a subgroup of normally sighted adults (n = 13) and adult amblyopes (n = 10) were tested at 8 cpd, because previous work shows that in anisometropic amblyopia, interocular interactions may depend on spatial frequency (Holopigian, Blake, & Greenwald, 1986) .
A peripheral dark ring and monocular markers (70% contrast) were always present in each video page. The dark ring served as a fusion target. Dark annuli on a light background have been used in the past for this purpose (Cogan, 1983) . The ring was placed 5.5 deg (radius) from the center of the screen and of the test stimulus. The annulus width was arbitrarily set at 0.33 deg. The monocular markers were small lines (0.33 deg width). Two markers were presented to each eye, oriented at 45 deg for one eye and 135 deg for the fellow eye, and these markers served as suppression checks. Subjects were asked to report if the markers disappeared from their view. None of the subjects reported diplopia or absence of markers during binocular/dichoptic viewing.
2.3.2.2. Procedure. A temporal two-alternative forced-choice paradigm was employed, with the onset of each interval marked by an auditory tone. There was a 100 ms delay between auditory tone and stimulus presentation, stimulus duration was 142 ms, and the two intervals were separated by 800 ms. The Gabor patch was presented in either the first or second interval, randomly selected under computer control on each trial, while the peripheral stimuli (fusion lock and markers) were presented in both intervals continuously (not flashed). Subjects were instructed to report the interval in which the pattern appeared, and were required to make a best guess if unsure. The viewing distance was 1.3 m. Thresholds were estimated using a 3/1 staircase with a 2 dB step size. The staircase was terminated after 17 reversals, and trials up to the first reversal were excluded. The midpoint of each peak and valley was calculated for the remaining 16 reversals, and the mean of these midpoints was taken to indicate threshold. No feedback was given on the correctness of the response. Children were encouraged to treat the procedure as a video game, and were told that they should play (respond) well, to reach a higher level in the game. All subjects were allowed to respond in their own time.
In a separate experiment, we estimated the test-retest reliability for the contrast sensitivity task using four normal adults. Intra-class correlation coefficient (ICC) was computed. This method is suitable when more than two repeated measurements are obtained (as was the case in our main study), and when the data do not fall within a Gaussian curve (Bland & Altman, 1996; Portney & Watkins, 1993 ). An ICC value above 0.75 indicates good reliability. Contrast sensitivity measurements were made five times in the right eye, in a single session. ICC was found to be 0.98 (within 95% confidence intervals), indicating good reliability.
2.3.3. Alignment sensitivity 2.3.3.1. Stimuli. Alignment sensitivity was assessed for three-element circular Gabor stimuli. The carrier sine wave in each element was vertically oriented, and the elements were also presented in vertical orientation. The spatial frequency of each Gabor patch was set at 2.6 cpd, a frequency visible to the three subject groups. The standard deviation of the Gaussian envelope was 0.38 deg, and the center-to-center inter-element separation was 1.88 deg. Unlike abutting lines or edge stimuli, the well-separated Gabor stimuli used here prevents the influence of secondary cues such as contrast and orientation on positional judgments (Findlay, 1973; Westheimer, 1998) . The stimulus configuration (including spatial frequency) used in the present study was similar to that used by Demanins and Hess (1996) , who measured monocular alignment sensitivity in a group of amblyopic subjects. There is no gold standard for computerized spatial localization assessment. Therefore, to make comparison of our results with published re- reported intermittent suppression in WFDT. This subject, however, was able to see all four monocular markers (suppression checks) during computerized dichoptic and binocular testing.
sults easier, it was considered reasonable to choose a stimulus configuration already used by other researchers. Moreover, for foveal viewing, large-scale localization accuracy is not limited by the local spatial frequency components of the stimulus elements (Burbeck, 1986) . Therefore enhancing the spatial frequency content similar to that used in our contrast sensitivity tasks may not improve the precision of position judgments. Michelson contrast of the Gabors we used was 70%, and the viewing distance from the monitor screen was one meter. Peripheral rings and monocular markers were similar to those used in the CS experiment, and were scaled for the test distance.
2.3.3.2. Procedure. The alignment thresholds were measured using a two-alternative forced-choice double staircase procedure. The central (three-element) test stimulus was flashed for 142 ms in all trials, while the non-foveal ring and the monocular markers were displayed continuously. The top and bottom Gabor patches in the test stimulus were presented in vertical alignment. The lateral position of the middle Gabor patch was varied according to the rules of the staircase procedure. The task of the subject was to report the direction (left or right) of displacement of the middle patch with respect to the outer Gabors. The experimenter then keyed responses into the computer keyboard. There was a distinct auditory signal after every response entry, to help the subjects remain cued to the task. Staircase series 1 started with the middle Gabor patch displaced to the right side with respect to the outer Gabors, while the second series started with the middle patch displaced to the left. The start levels of the two series were chosen out of phase by half a step, in order to reduce the effects of bias due to phasing of stimulus levels with respect to the median of the psychophysical response function (Kappauf, 1969) . The host computer randomized the order in which the two staircases were visited. A fixed step size of 3 minutes of arc was used in both the staircase series. The choice of step size was a trade off between reliability of the estimate and test duration for the experiment. Both staircases followed a 2-right/1-left rule in order to estimate the 70.7% correct identification thresholds (Wetherill & Levitt, 1965) . In a pilot study, we found that binocular interaction of AS is independent of the percentage points used for threshold estimation, as long as the same threshold criterion is used in both monocular and binocular conditions. Each of the two staircase series was terminated after 13 reversals. Trials up to the first reversal were excluded. The midpoint of the peaks and valleys of the remaining reversals were computed in each staircase. The standard deviation of the pooled data was calculated. Standard deviation, rather than mean, was of interest because it reflects the precision (threshold) of alignment setting (Cox et al., 1996; Kim et al., 2000; McGraw, Winn, Whitaker, & McFadzean, 1998) . The inverse of this measure was taken as alignment sensitivity. Subjects were allowed to respond at their own pace. The ICC for our alignment task was 0.80, indicating good test-retest reliability.
Data analysis
Both CS and AS data were tested for ANOVA assumptions (Lindman, 1974) . Data transformations were not found to be necessary. Significance level of 5% each was chosen to compare the baseline (monocular) sensitivity between the groups, to examine the effect of dichoptic viewing on monocular sensitivity in each eye, and to evaluate binocular summation.
Alignment sensitivity and 4 cpd contrast sensitivity data
For each task, the differences in monocular sensitivity (e.g., DE) between the groups were analyzed using one-way analysis of variance (ANOVA, p < .05), followed by Gabriel post-hoc tests for unequal sample sizes, and the differences between DE and NE sensitivities (interocular difference) across the groups were compared using one-way ANOVA (p < .05) with Gabriel post-hoc tests. Changes from baseline sensitivity during dichoptic/binocular viewing were analyzed using paired Student t-tests (p < .05) with bonferroni correction (p < .05/n, where n = 3). The differences between groups for changes from baseline were analyzed using one-way ANOVA (p < .05) with Gabriel post-hoc tests. The relationships between variables were examined using Pearson's correlation coefficients (p < .05). The p-values used to denote statistical significance are given in parentheses for all analyses.
To examine the role of clinical stereopsis in the dichoptic/binocular interactions found in group III, we used a non parametric test (Mann-Whitney U test, p < .05) owing to small sample size.
Eight cpd contrast sensitivity data
To compare contrast sensitivity between the groups, independent sample ttests were applied (p < .05). This is because measurements were obtained only in two groups (groups II and III). Changes from baseline within each group were examined using paired t-tests, followed by Bonferroni correction (p < .017).
Results
3.1. Contrast sensitivity 3.1.1. Contrast sensitivity at 4 cpd Fig. 1 shows the mean contrast sensitivity data obtained in the five viewing conditions, in each group. The differences in DE contrast sensitivity between the groups reached statistical significance (ANOVA, F(2, 49) = 3.3, p < .05). Post-hoc analyses showed that the difference between groups II and III was marginally significant (p = .05), and this may have contributed to the significant ANOVA results, as no other differences between the groups were significant (p-values > .05). On the other hand, there was no difference in NE sensitivity between the groups (ANOVA, F(2, 49) = 1.65, p > .05). This finding is surprising since it suggests that contrast sensitivity is normal at 4 cpd in the amblyopic eyes. Based on previous findings, contrast sensitivity deficits are expected in the amblyopic eye, although these deficits do not always arise at moderate and low spatial frequencies (Gstalder & Green, 1971) .
3.1.1.1. DII: Dominant eye. Fig. 2 shows the mean difference between monocular and dichoptic contrast sensitivities (DII, calculated as DED-DE and NED-NE), for each subject group. Changes toward the positive direction of the y-axis represent an enhancement in sensitivity under dichoptic viewing. For the dominant eye (DED-DE), contrast sensitivity was better under dichoptic viewing than monocular viewing in group I (paired t-test, p < .017), but the two viewing conditions were not significantly different in group II (paired t-test, p > .017). Group III subjects showed considerable inter-individual variation, with 8 of the 12 subjects showing a difference between DED and DE conditions. Four of the eight subjects showed an increment and the remaining four subjects showed a decrement in sensitivity during dichoptic viewing, when compared to monocular viewing. Not surprisingly in view of this variance, there was no significant difference between the two conditions for the group as a whole (paired t-test, p > .017). The differences in DII (DED-DE) between the groups reached statistical significance (ANOVA, F(2, 49) = 5.35, p < .05), with significantly higher DII in group I than in group II (p < .05) but not than group III (p > .05). The difference in DII between groups II and III did not reach statistical significance (p > .05).
Interestingly, while DII of the dominant eye differed between children and adults, suggesting a developmental effect, within the group of children (group I) dominant eye DII did not correlate significantly with age (r = .14, p > .05) indicating no significant maturation of DII within this age range. It is likely that maturation occurs during later adolescence, and was therefore not captured in the age range of the present study.
3.1.1.2. DII: Non-dominant eye. For the non-dominant eye, dichoptic viewing yielded higher contrast sensitivity than monocular viewing in group I (paired t-test, p-value < .017), but the difference between the two viewing conditions did not reach statistical significance in group II (paired t-test, p > .017). Again for group III, inter-individual variation was high, with 3 of the 12 subjects showing relatively poor sensitivity under dichoptic conditions, 2 showing an enhancement under dichoptic conditions, and the remaining subjects showing no difference under the two conditions. Despite this variance, contrast sensitivity for this group was significantly poorer under dichoptic than monocular viewing (paired t-test, p < .017). However, the inter-individual variation suggests that this significance value does not reflect a general effect among this group of amblyopes. DII for the non-dominant eye was found to differ between the groups (ANOVA, F(2, 49) = 11.42, p < .05) with group III significantly differing from both groups I and II (p-values < .05), but no significant difference was found between groups I and II (p > .05). The non-dominant eye DII showed no significant correlation with age within the group of children (r = À.36, p > .05), indicating insufficient evidence to claim a developmental effect.
3.1.1.3. BII. As expected, contrast sensitivity under binocular viewing was significantly higher than monocular viewing (DE) in the normally sighted subject groups I and II (paired t-tests, p-values < .017). In the amblyopes, however, the effect was not significant (paired t-test, p > .017), also an expected finding given that the amblyopic eye (NE) may contribute little to binocular viewing in these subjects. As illustrated by Fig. 3 , BII was not constant across the three subject groups (ANOVA, F(2, 49) = 14.44, p < .05), with group I showing the highest BII and group III showing the least BII. This result cannot be attributed to the differences in IOD (interocular CS difference, DE-NE) between the groups because the magnitude of IOD did not differ between the groups (AN-OVA, F(2, 49) = 1.95, p > .05). BII was not found to vary with age within the group of children (r = .08, p > .05), a finding which suggests no significant maturation within this age range, and contrasts with the difference found between children and normally sighted adults. Further, if the group of children is considered as two groups, aged 6 to less than 10 (n = 10, mean age: 8.3 ± 1.0 (SD) years), and 10-14 (n = 10, mean age: 12.2 ± 1.3 (SD) years), BII is similar across the two subgroups (unpaired t-test, p > .05).
In a recent study, McKee et al. (2003) showed that the pattern of spatial visual deficits in amblyopia is dependent on the presence or absence of binocularity. They used two binocular function tests to confirm the presence of binocularity (for added certainty): a binocular motion integration test and the Randot Stereo-Optical Circles test, and found good agreement between the two tests. In the same vein, it is likely that our subjects with fine stereopsis in the Titmus test may exhibit better binocular interactions (summation) in the contrast sensitivity task than those with poorer stereopsis. We subtyped our amblyopic subjects into two groups: (a) those with stereopsis finer than or equal to 100 arc sec, and (b) those with stereopsis poorer than 100 arc sec. The difference in BII between the two subgroups did not reach statistical significance (Mann-Whitney U test, p > .05). Similarly, the differences in DII between the subgroups (for each eye) were not statistically significant (p-values > .05). This point will be discussed later.
3.1.2. Contrast sensitivity in adults at 4 and 8 cpd 3.1.2.1. Monocular contrast sensitivities. Fig. 4 shows the contrast sensitivity data obtained in the five different viewing conditions at 4 and 8 cpd, in a subgroup of subjects from groups II and III. As illustrated by Fig. 4 , on the average, monocular contrast sensitivity was higher at 4 than at 8 cpd in each eye, in both groups.
At 4 cpd, the difference in contrast sensitivity between the two groups did not reach statistical significance for both DE (unpaired t-test, p > .05) and NE (unpaired t-test, p > .05). At 8 cpd, the difference in DE contrast sensitivity between the groups did not reach statistical significance (unpaired t-test, p > .05). However, NE contrast sensitivity was significantly lower in group III than in group II (unpaired t-test, p < .05). Also, within group III, the difference in sensitivity between the two eyes reached statistical significance only at 8 cpd (paired t-tests, p < .05). This finding is in agreement with previous work demonstrating that contrast sensitivity deficits occur in amblyopia at moderate to high, and not at low, spatial frequencies (Gstalder & Green, 1971 ).
DII and BII.
Changes from baseline (DE or NE monocular sensitivity) were examined using paired t-tests. In both groups II and III, DII was not significant for the dominant eye (DED-DE) at 4 cpd, and at 8 cpd (p-values > .017). For the non-dominant eye, DII (NED-NE) at 4 cpd was significant for group III (p < .017) but not for group II (p > .017). On the average, group III subjects showed decreased dichoptic sensitivity relative to monocular base- line, and group II showed the opposite trend. At 8 cpd, group II showed significant dichoptic enhancement relative to monocular baseline (p < .017), but the two viewing conditions were not different for group III (p > .017). This is interesting because amblyopes demonstrated interocular suppression at a spatial frequency where the contrast sensitivity was similar between the two eyes (4 cpd). This result is consistent with a previous report that has shown an inverse correlation between the depth of amblyopia and interocular suppression. Perhaps, at spatial frequencies where the eye is amblyopic in terms of contrast sensitivity, there is no need of additional suppressive influence by the fellow eye in order to yield single vision (Holopigian, Blake, & Greenwald, 1988) . Binocular summation (BII) was significant at 4 cpd and at 8 cpd (p-values < .017) for group II, but was not significant at either frequency for group III (p > .017). Fig. 5 plots the alignment sensitivity (AS) data (1/threshold) obtained under the five different viewing conditions, in each group. From the figure, it can be noted that the mean AS of NE is slightly lower than DE in the three subject groups. AS did not differ between the groups for either DE (ANOVA, F(2, 49) = 2.55, p > .05) or NE (ANOVA, F(2, 49) = 1.67, p > .05). This suggests that alignment sensitivity in amblyopes is similar to that of controls. This is not surprising because numerous studies have shown that positional sensitivity of the anisometropic amblyopic eye can be accounted for by contrast sensitivity deficits, and that alignment sensitivity is impaired to a lesser extent in anisometropic amblyopia than in strabismic amblyopia (Levi, Klein, & Yap, 1987) . Cox et al. (1996) reported an absence of Vernier acuity deficits in children with anisometropic amblyopia when compared with their age-matched controls. Fig. 6 shows the DIIs of each eye (DE and NE), for each subject group. For the dominant eye, none of the subject groups showed statistically significant changes under dichoptic viewing, relative to the respective monocular baselines (paired t-tests, p > .017). This shows that dichoptic viewing has little impact on DE alignment sensitivity, in the subject groups tested here. The differences in DII between the groups did not reach statistical significance (ANOVA, F(2, 49) = 0.8, p > .05). A lack of difference in DII between groups I and II may not mean that there is no developmental effect. This is because (early) adolescent children were also included in group I. If the DII in older children and adults were similar, then the difference between the two groups may be masked. However, within group I, there was no significant correlation between age and DII (r = .19, p > .05), indicating insufficient evidence for the presence of DII developmental effect.
Alignment sensitivity

DII: Dominant eye
DII: Non-dominant eye
For the non-dominant eye, group I showed a significant improvement in AS relative to baseline (paired t-test, p < .017), however, the changes in AS did not reach statistical significance for groups II and III (paired t-tests, p > .017). Although only group I subjects showed significant improvement under dichoptic viewing, the differences between the groups for DII did not reach statistical significance (ANOVA, F(2, 49) = .47, p > .05), most likely due to the large dispersion in DII data. Within group I, the correlation between age and DII did not reach statistical significance (r = .2, p > .05).
BII
When DE and OU scores were compared (see Fig. 7 ), group I subjects showed no difference between the two viewing conditions (paired t-test, p > .017). There was a reduction in sensitivity under binocular viewing when compared to monocular baseline in groups II and III, but the reduction in AS did not reach statistical significance for either group (paired t-tests, p > .017). However, the differences in BII between the groups reached statistical significance (ANOVA, F(2, 49) = 3.97, p < .05). We found that BII was significantly different (in the negative direction; inhibition) in group III when compared to group I (p < .05) but not than group II (p > .05). BII did not differ between groups I and II (p > .05). In group III, no difference in BII was found between subjects with stereopsis finer than or equal to 100 arc sec (n = 6) and those with stereopsis poorer than 100 arc sec (n = 6), consistent with our contrast sensitivity data (Section 3.1.1.3). There was a negative correlation between BII and interocular AS differences (DE-NE) in groups I (r = À.49, p < .05), II (r = À.72, p < .05), and III (r = À.61, p < .05). This shows that binocular summation decreases with increasing interocular AS difference. The magnitude of interocular AS differences was similar in the three groups (ANOVA, F(2, 49) = .87, p > .05). Thus, the difference in BII between groups I and III cannot be attributed to interocular AS differences between the groups. Within group I, the correlation between age and BII did not reach statistical significance (r = .24, p > .05). This suggests that maturation of interocular AS interactions do not take place in the children tested here.
Discussion
DII in contrast and alignment sensitivity
In children, our findings show that contrast sensitivity is better when the fellow eye viewed a dichoptic stimulus than when it was occluded, and this was true for the dominant eye as well as for the non-dominant eye. Interestingly, this was also true for alignment sensitivity, except that significant dichoptic enhancement occurred only for the non-dominant eye. These findings may perhaps reflect excitatory signals from the dominant eye in the dichoptic condition, and/or inhibitory signals from that eye in the occluded condition (Makous, Teller, & Boothe, 1976) , and an effect of contralateral stimulation on the viewing eye that differs across visual functions.
Several previous studies have investigated excitatory and inhibitory interactions in the adult human visual system. Makous and colleagues (1976) found that signals from a darkadapted eye can inhibit signals from the fellow light-adapted eye. Denny, Frumkes, Barris, and Eysteinsson (1991) demonstrated interocular suppression, by measuring contrast sensitivity in one eye while the fellow eye was dark-or light-adapted, and found that the degree of suppression depends upon spatial frequency of the contrast target, and on luminance of the adapting field. More recently, Wildsoet, Wood, Maag, and Sabdia (1998) investigated the effect of monocular occlusion on visual acuity of the fellow eye, using a range of occluder types, and found that more complete (opaque) occlusion resulted in lower acuity than a diffuse occluder. These findings demonstrate that visual threshold of one eye can be modified by the input to the fellow eye. Depending on that input, the modification may be an increment or decrement in threshold, and may reflect inhibitory or excitatory interactions, respectively. Our findings indicate that this type of interocular interaction occurs even in the relatively immature visual systems included in group I.
In adults with normal vision, our findings show that both contrast sensitivity and alignment sensitivity of the dominant eye are similar whether the fellow (non-dominant) eye views a dichoptic stimulus (not including foveal target) or is covered with a dark occluder. For the non-dominant eye, although the mean contrast sensitivity improved during dichoptic viewing relative to baseline, consistent with acuity findings reported by Wildsoet et al. (1998) , the difference between the two viewing conditions did not reach statistical significance. Similarly, there was no dichoptic enhancement for alignment sensitivity. The absence of significant dichoptic enhancement in our adult subjects when compared to children suggests that the impact of luminance input to the fellow eye on the test eye may be stronger in younger subjects. Like many previous studies on binocular interactions (e.g., Pardhan & Whitaker, 2000) , we did not look at the repeatability of the dominant eye, which was defined as the eye with better sensitivity. This was particularly difficult because of the age range of subjects included in our youngest group. This is a drawback and future studies planned in this area would benefit by documenting eye dominance repeatability.
Unlike normally sighted children, amblyopic subjects did not demonstrate enhancement in contrast sensitivity or alignment sensitivity during dichoptic viewing. Instead, the visual signals from the fellow light-adapted eye had inhibitory effects on the amblyopic eye, in the dichoptic condition. These subjects demonstrated a decrement in 4 cpd dichoptic contrast sensitivity relative to monocular baseline, in the non-dominant eyes. Interestingly, this decrement was spatial frequency specific, in that the interocular inhibition was found for 4 cpd but not for 8 cpd stimuli. In other words, the interocular suppression was found at a spatial frequency where the contrast sensitivities in the dominant and the non-dominant eyes were similar, consistent with previous findings that have shown an inverse relation between interocular suppression and the depth of amblyopia (Holopigian et al., 1988) .
BII in contrast and alignment sensitivity
BII is a measure of binocular summation, measured here as the difference between binocular (OU) and dominant eye monocular (DE) sensitivity measures. Expressed in this way, binocular summation for contrast sensitivity was found to be highest in our group of children and least in amblyopes, with significant differences between the three groups. Significant contrast sensitivity summation in both children and normally sighted adults is not surprising, based on previous reports of binocular summation in these groups (Birch & Held, 1983; Rabin, 1995; Shea, Aslin, & McCulloch, 1987) . Non-visual factors such as poor motivation cannot explain the difference in BII between children and adults because these factors would be present under both monocular and binocular viewing, and would cancel out. Non-significant summation in the amblyopic group is also unsurprising, since the non-dominant eye's contribution to binocular vision would be weaker in this group than in the normally sighted groups. This is consistent with our finding of little difference between dominant eye monocular sensitivity (DE) and binocular sensitivity (OU) in this group. We also found that the magnitude of BII (group III) was independent of the magnitude of stereopsis, based on the Titmus test. This result may either suggest a true independence between these two binocular functions or that a more reliable stereopsis test may be required to study the relation between BII and stereopsis. The circle sets one through four (measures 140 arc sec) on the Titmus test are confounded by monocular cues (Leske & Holmes, 2004) , and therefore may not serve as a reliable indicator of stereopsis in six amblyopic subjects with stereopsis 140 arc sec or worse (Table 1) . For alignment sensitivity, binocular sensitivity was slightly lower than the monocular sensitivity in adults in groups II and III, and binocular summation was absent in children (group I). Little or no summation of alignment sensitivity may perhaps be explained by our choice of stimulus configuration. Previous researchers have reported significant binocular summation in Vernier tasks for low contrast stimuli (Banton & Levi, 1991) , and stimulus configurations with small inter-element separation (Lindblom & Westheimer, 1989) . In the present study, we used high contrast, well-separated stimulus elements and thus task performance may not be governed by local contrast cues that conform to Weber's law for contrast discrimination (Hess & Holliday, 1992) . Can the absence of binocular summation in our alignment task be explained by the choice of step size (3 minutes of arc)? With a large step size, the observations will oscillate between two stimulus levels, and may provide no information other than the fact that the threshold lies somewhere midway between these two levels, and the threshold task may not be sensitive to experimental variables (Cornsweet, 1962) . Despite using a coarse scale, our positional task was able to elicit significant differences between monocular and dichoptic viewing in group I for the non-dominant eye. It is likely that a relatively smaller step size than that used in the present study may have aided in eliciting any subtle differences between different test conditions. However, the choice of step size was a trade off between test duration and reliability.
There is little published work on the development of binocular summation during childhood. However, Shea et al. (1987) found that binocular summation of pattern visual evoked potentials is greater in infants than in adults, and greater in younger infants than in older infants. These findings indicate that binocular summation is relatively high in early life. The present contrast sensitivity finding agrees with their finding, and indicates that the relatively high binocular summation occurs not only in infancy but also during childhood. However, within the group of children we tested, contrast sensitivity BII did not vary significantly with age, and this finding seems to conflict with the difference between children and adults, since an age-related change must occur at some period during childhood and/or adolescence, to allow the lower adult levels to be reached. Perhaps maturation occurs during later adolescence, and was therefore not captured in the age range of the present study. Our results are consistent with studies that have shown protracted developmental time courses for visual functions such as hyperacuity and scotopic contrast sensitivity (Benedek, Benedek, Keri, & Janaky, 2003; Skoczenski & Norcia, 2002) . In rhesus monkeys, the sensitive period of development of binocular vision is much longer when compared to spatial resolution and basic spectral sensitivity functions (Harwerth, Smith, Duncan, Crawford, & von Noorden, 1986) , and our human data is consistent with their finding. The prolonged developmental time course for BII supports previous findings of plasticity of the visual system in older children and even in adults (Levi, 2005) .
Comparison with previous work
The findings from the present study along with acuity findings from our previous work (Vedamurthy et al., 2007) are summarized in Table 2 .
Our previous work showed that letter acuity of the dominant eye is similar when viewing is monocular (with fellow eye covered by a dark patch) or with fellow eye viewing a dichoptic stimulus (as in the present study), and that this is true for all three groups (children and adults with normal vision, and adults with anisometropic amblyopia). For the non-dominant eye, however, acuity was significantly better under dichoptic than monocular viewing for both groups I and II but not group III. These acuity findings agree with the alignment sensitivity findings presented here, except that the non-dominant DII was not significant for group II. Comparing the acuity findings described above and the contrast sensitivity findings presented in this study, we found some agreement in that contrast sensitivity DII for the dominant eye is not significant in groups II and III. The findings disagree, however, on the dominant eye DII for group I, which is significant for contrast sensitivity, but not for acuity. Thus, in this group of children contrast sensitivity of the dominant eye was significantly higher under the dichoptic condition used here than in monocular viewing, but visual acuity was similar under both conditions. Contrast sensitivity and acuity findings are in agreement for DII of the non-dominant eye in group I but not II. However, in group III, DII is significant for contrast sensitivity, but not for acuity.
Acuity and contrast sensitivity findings agree in terms of BII, with a significant BII for groups I and II, but not for group III. Contrast sensitivity BII is significantly higher in group I than in group II, but acuity BII is not significantly different between the two groups. On the other hand, alignment sensitivity BII was not significant for all three groups. It is interesting to note that there are similarities and dissimilarities in the nature of interocular interactions across different types of visual function, even within the same subject group (see Table 2 ). For instance, the magnitude of acuity and alignment sensitivity BII did not differ between normally sighted adults and children, but contrast sensitivity BII was significantly higher in the latter group. Although acuity BII decreased with age within group I, no such changes were noted for alignment sensitivity or contrast sensitivity. These results suggest that the development of interocular interactions during childhood is not constant across different types of visual function.
What implications do these developmental data have on understanding the profile of binocular interactions in anisometropic amblyopia? Previous studies on the normally developing visual system have shown that Vernier acuity matures much later than grating acuity (Shimojo, Birch, Gwiazda, & Held, 1984; Skoczenski & Norcia, 1999) . Because some amblyopic subjects demonstrate poorer Vernier acuity than grating acuity (in the amblyopic eye) as does the normally developing visual system, some researchers postulated that amblyopia can be understood as a slowing of visual development (Kiorpes 1992; Levi & Carkeet, 1993) . If this hypothesis were correct, then one would expect greater magnitude of binocular summation in amblyopic adults than in normally sighted adults, since the development of binocular mechanisms in amblyopes would be fixed in an immature state. Based on our developmental data, contrast sensitivity BII and acuity BII should be higher in amblyopic adults than in normally sighted adults. Clearly, this was not demonstrated by our anisometropic amblyopes, consistent with numerous previous studies that have shown psychophysical binocular summation deficits and loss of cortical binocularity in this type of amblyopia (Holopigian et al., 1986; Kiorpes, Kiper, O'Keefe, Cavanaugh, & Movshon, 1998) . Note, however, that recent findings demonstrate normal binocular summation of contrast sensitivity in strabismic amblyopes, when stimulus contrast is adjusted to equalize visibility of the gratings for the two eyes during binocular viewing (Baker, Meese, Mansouri, & Hess, 2007) . Those results suggest that interocular differences in contrast sensitivity between the amblyopic and the fellow eye underlie the binocular summation deficits. However, our results suggest that this explanation may not be applicable to anisometropic subjects, because the magnitude of interocular difference in contrast sensitivity (4 cpd) was not significantly different between the three groups. This was also true for alignment sensitivity. Thus equalizing the visibility of the stimulus presented to the two eyes may not provide added benefits to the amblyopic group compared to the normally sighted group. The amblyopic group trend shows that the excitatory binocular neural mechanisms involved in combining the inputs from the two eyes are abnormal, consistent with physiological studies on animals reared with induced optical anisometropia (Kiorpes, Kiper, O'Keefe, Cavanaugh, & Movshon, 1998) . One way to interpret our results is that abnormal visual experience due to anisometropia during early life impedes binocular summation of different visual functions to different degrees so that the common result is an absence of significant excitatory interactions. Our data support this notion in that the development of binocular summation is not constant across the different types of visual function, but anisometropic amblyopia resulted in nonsignificant excitatory interactions for all the visual functions tested here.
Our findings indicate that spatial vision of the amblyopic eye of anisometropic amblyopes is not improved by allowing the fellow eye to view an illuminated field (dichoptic stimulus), rather than being occluded. This suggests that the dichoptic viewing condition tested here is not optimal for spatial vision of the amblyopic eye.
Recent innovations in amblyopia therapy include dichoptic stimulation, in which the fellow eye views a background stimulus (e.g., Eastgate et al., 2006; Waddingham et al., 2006) . Our findings suggest that this form of amblyopia therapy may not have advantages over occlusion of the fellow eye. However, our study did not include amblyopic children, so further work is needed to investigate whether dichoptic stimulation offers advantages over simple occlusion in childhood amblyopia therapy.
Conclusions
The present study shows that interocular alignment interactions mature early when compared to interocular contrast interactions, for the conditions tested here. Specifically, interocular alignment interactions are mature in the age range studied, whereas interocular contrast interactions continue to develop beyond 14 years of age. A large stratified sample of children, spanning a wide age range including 14 years and above, may aid in finding the exact age at which interocular contrast interactions mature. Unlike the normally sighted subject groups, amblyopic adults did not show significant excitatory dichoptic/binocular interactions, even for those visual functions that are normal or near normal in the amblyopic eye. This suggests that explanations based on combining unequal inputs from the two eyes may not account for the loss of binocularity in this group. VA, visual acuity; CS, contrast sensitivity; AS, alignment sensitivity. +, significant difference from baseline. À, no difference from baseline.
U, developmental change within group I. a Significant inhibition (dichoptic sensitivity lower than monocular viewing).
